Protein export to the bacterial periplasm is achieved by SecYEG, an inner membrane heterotrimer. SecY and SecE are encoded by essential genes, while SecG is not essential for growth under standard laboratory conditions. Using a quantitative and sensitive export assay, we show that SecG plays a critical role for the residual export mediated by mutant signal sequences; the magnitude of this effect is not proportional to the strength of the export defect. In contrast, export mediated by wild-type signal sequences is only barely retarded in the absence of SecG. When probed with mutant signal sequences, secG loss of function mutations display a phenotype opposite to that of prlA mutations in secY. The analysis of secG and prlA single and double mutant strains shows that the increased export conferred by several prlA alleles is enhanced in the absence of SecG. Several combinations of prlA alleles with a secG deletion cannot be easily constructed. This synthetic phenotype is conditional, indicating that cells can adapt to the presence of both alleles. The biochemical basis of this phenomenon is linked to the stability of the SecYE dimer in solubilized membranes. With prlA alleles that can be normally introduced in a secG deletion strain, SecG has only a limited effect on the stability of the SecYE dimer. With the other prlA alleles, the SecYE dimer can often be detected only in the presence of SecG. A possible role for the maintenance of SecG during evolution is proposed.
A complex protein machine, the preprotein translocase, promotes protein export across the Escherichia coli inner membrane (1, 2) . The core of the translocase consists of three inner membrane proteins, SecY, SecE, and SecG. The largest protein, SecY, has 10 transmembrane helices that surround a central pore through which the preprotein is transported (3, 4) . The SecYEG complex has been largely conserved across evolution (5, 6) , although differences in the length and number of transmembrane segments are observed with SecE and SecG (3) . SecY and SecE form a tight complex, whereas SecG appears to be less tightly bound (7) .
A large number of signal sequence mutations have been shown to interfere with export (8, 9) . Mutations exerting the strongest effects usually introduce charged residues in the central hydrophobic core of signal sequences. Suppressor mutations, called prl mutations, restore the export of mutant signal sequences to various extents; they have been isolated in most genes encoding components of the translocase, including prlA mutations in secY, prlG mutations in secE, and prlH mutations in secG (10) (11) (12) (13) (14) (15) . The strongest suppressors are prlA alleles that can even promote the export of periplasmic proteins whose signal sequences are completely deleted (16) . These prl mutations are believed to exert their effect by facilitating the opening of the central pore of the translocase (17, 18) . This effect is normally triggered by wild-type signal sequences. In addition, several prl mutations have been shown to destabilize the interactions between SecY and SecE (19) .
In E. coli, the SecY and SecE proteins are encoded by essential genes (20, 21) . In contrast, a deletion of secG had little if any effect on growth under standard laboratory conditions (22) (23) (24) . Indeed, the export kinetics of proteins encoded by wild-type genes was only slightly slower in the absence of SecG, as documented by pulse-chase experiments (22) (23) (24) . The contribution of SecG was much stronger with in vitro translocation assays, in which SecG had a pronounced stimulatory effect on export (25, 26) . A significant effect of SecG on protein export was also observed in vivo with mutant signal sequences. For instance, mutant MalE signal sequences decrease maltose fermentation, as monitored on MacConkey-maltose indicator plates, and the absence of secG resulted in a strongly enhanced Mal Ϫ phenotype (23) . Furthermore, several secG mutations, including null alleles, were isolated as suppressors of toxic chimeric proteins containing a mammalian signal sequence fused to the mature portion of alkaline phosphatase. In these cases, suppression was associated with a marked reduction in the kinetics of export of the chimeric protein (23, 27) .
The in vivo assays described above were performed in vastly different time scales, from seconds in the case of pulse-chase experiments to hours in the case of colony growth and fermentation on indicator plates. We compare here the kinetics of protein export in the presence and in the absence of SecG using an experimental system that allowed us to examine under the same conditions wild-type efficient signal sequences as well as mutant inefficient ones (28) . Our results confirm that export mediated by wild-type signal sequences shows a very limited dependence on SecG. In contrast, the residual export mediated by mutant signal sequences can be dramatically decreased in the absence of SecG. There was, however, no correlation between the strength of the export defects and their enhancement in the absence of SecG. Several pseudorevertants of mutant signal sequences were identified in the course of this study. Two of these were almost as efficient as their wild-type counterparts, but one was essentially SecG independent while export mediated by the other one remained strongly SecG dependent.
Since several secG alleles confer a phenotype opposite to that conferred by prl mutations (29), we attempted to determine whether epistatic effects could be detected with secG and prlA alleles. Surprisingly, several prlA alleles showed a synthetic phenotype with a secG deletion. The binding of these mutant SecY proteins to SecE was much reduced, particularly in the absence of SecG. In conclusion, SecG contributes both to signal sequence interaction with the translocase and to the intrinsic stability of the translocase in the E. coli inner membrane.
MATERIALS AND METHODS
Reagents. Liquid and solid media were prepared as described previously (23) . Antibiotics were used at the following concentrations: ampicillin (Ap), 200 g/ml; chloramphenicol (Cm), 30 g/ml; kanamycin (Kn), 40 g/ml; and tetracycline (Tc), 7.5 g/ml. The anti-OmpA rabbit antiserum (Covalab) was raised against SDS-PAGE-purified OmpA. Anti-PhoA antibodies were from Millipore (AB1204) or from Biodesign/Meridian Life Science (K59134R). Anti-MalE antiserum was from New England BioLabs (E8030S). Mouse monoclonal antibody 10C1, raised against the last cytoplasmic loop of SecY, was a gift from I. Collinson. E. coli polar lipids were purchased from Avanti polar lipids and used as described previously (27) .
Bacterial strains and plasmids. The E. coli strains used in this study are described in Table 1 and were constructed by transduction with bacteriophage P1 or by transformation. The pACYC184-derived plasmids carrying the different secG alleles have been described (27) . Two sets of prlA alleles have been used, those isolated as suppressors of several different signal sequence mutations (12, 14) and those isolated as suppressors of malE18 in a secG1 strain (23) . These mutants were characterized by sequencing the secY gene of the suppressor strains ( Table 1) .
The coding regions of the PhoA signal sequences from strains Mph42 and Mph53 to Mph56 were cloned as described for pBADPHOA (30) . The coding regions of the MalE signal sequences (amino acids 1 to 29; cleavage after 26th residue) were amplified from strains MC4100 and MM1 to MM5 (31) with primers MbpUP, 5=CCTAGCTAGCAGGAGGAATTCA TTATGAAAATAAAAACAG, and MbpDON, 5=GGGGTACCTCGATTT TGGCG. The coding regions of the RbsB signal sequences (amino acids 1 to 31; cleavage after 25th residue) were amplified from strains MC4100, OF734, and OF735 (32) with primers RbpUP, 5=CCTAGCTAGCAGGA (33) . NheI-KpnI fragments were used to fuse the signal sequences in frame with the mature portion of OmpA. The appropriate portions of secY from the chromosomal prlA alleles were PCR amplified and used to replace the wild-type sequence in pBADHisEYG, a pBAD24 vector with a hexahistidine tag at the N terminus of SecE (34) ; all inserts were sequenced. Vectors that express only SecE and SecY were prepared by deletion of the HindIII or XbaI-KpnI fragments that encode SecG.
PhoA assay. PhoA activity was determined by determining the rate of p-nitro-phenyl-phosphate hydrolysis (28) .
Pulse-labeling and immunoprecipitation. Labeling and immunoprecipitation were performed as described previously (28) . Cells from saturated cultures in LB medium were diluted 1:50 and grown overnight in M63 medium containing 0.2% (vol/vol) glycerol as a carbon source and all amino acids except methionine and cysteine at a final concentration of 50 mg/liter, diluted 1:40, and grown at 37°C to an A 600 of 0.2. Cells were induced with 0.2% arabinose, and 1-ml samples were labeled with 50 Ci/ml of [ Pulse-labeling and detection of hexahistidine-tagged membrane protein complexes. Cells were grown, induced for 1 min with 0.2% arabinose, labeled for 5 min, and lysed as described previously (27) . Membranes were solubilized in the presence of E. coli polar lipids, 2 mM MgCl 2 and 1% dodecylmaltoside. After incubation at 4°C for 30 min with 20 l of nickel-nitrilotriacetic acid (Ni-NTA)-agarose matrix (Qiagen), the samples were washed three times with the solubilization buffer. The first and third washes were performed at 4°C. The second wash was performed either at 4°C or at 37°C for 5 min. captoethanol, 2% SDS, 0.01% [wt/vol] bromophenol blue, 10% [vol/vol] glycerol, and 10 mM EDTA). Eluates were loaded onto 0.5 M NaCl "highTris" SDS-19.6% polyacrylamide gels (35) and electrophoresed overnight at 30 mA. Gels were analyzed as described above or with Fujifilm MultiGauge v3.0 software.
RESULTS
Enzymatic assay of protein export in vivo. The E. coli alkaline phosphatase encoded by the phoA gene is a powerful tool to study protein export as well as the topology of inner membrane integral proteins. Indeed, folding of the enzyme into an active conformation requires the formation of two intramolecular disulfide bonds (36, 37) . This oxidation normally occurs only in the bacterial periplasm, although cytoplasmic oxidation can be achieved, for instance, in trxB mutant strains (38) . Assay of PhoA activity offers an extremely large dynamic range, which is critical to measure the residual activity of signal sequence mutations causing a strong secretion defect. In addition, the kinetics of enzyme accumulation upon induction of chimeric proteins expression provided a useful tool to explain the selective effects of secG suppressor mutations on the export mediated by toxic mammalian signal sequences (23, 27) . We have fused several wild-type and mutant signal sequences to the mature portion of PhoA and expressed the chimeric proteins from the arabinose P BAD promoter (33) . Transcriptional induction upon addition of arabinose occurs within minutes, and the accumulation of enzyme activity reaches its steady-state level within 60 to 80 min.
The signal sequences of MalE, PhoA, and RbsB all promote a rapid and efficient export of PhoA in secG ϩ cells, as judged by the accumulation of enzymatic activity upon induction (Fig. 1A, D , and G). We have analyzed three different secG alleles, a null allele (22) , and the secG1 (F43S) and secG15 (L59R) mutants, which can both confer a detectable Sec phenotype (23, 27) . There was essentially no effect of the secG mutations on export mediated by the three wild-type signal sequences. In striking contrast, the residual export mediated by the malE10 (L10P) mutant signal sequence was drastically reduced in the secG mutant strains; a slightly higher export was observed in strains expressing secG1 or secG15 compared to the null allele, confirming that these mutations do not entirely abolish secG function. Similar results were obtained with malE14 (A14E), phoA73 (L14Q), and rbsB16 (S16R) (Fig. 1 B, C, E , and H), as well as with several other mutant signal sequences (data not shown).
During the cloning of the chimeric genes, we isolated several revertants that formed dark blue colonies on 5-bromo-4-chloro-3-indolylphosphate (XP)-arabinose indicator plates. The phoA82 mutation deletes two residues in the hydrophobic core of the PhoA signal sequence and was not expected to revert. This pseudoreversion generated a Lys-to-Glu substitution near the end of the signal sequence and probably exerts its effect by improving the charge distribution around the residual hydrophobic core. In a secG ϩ strain, this revertant was almost as effective in promoting export as the phoA ϩ signal sequence, although the kinetics of export was slower. In contrast, export was severely decreased in strains carrying either one of the secG mutant alleles (Fig. 1F) . Another pseudorevertant was isolated during the cloning of rbsB16 (S16R), in which the mutant Arg residue was replaced by a His one, a residue that would not have been predicted to be active in the hydrophobic core of a signal sequence. Surprisingly, this substitution generated a signal sequence that was nearly as effective as the wild-type one, and its export activity was the same in secG ϩ and secG mutant strains (Fig. 1I) . Similar results were obtained with a pseudorevertant of malE16 (T16K) that contains both the original mutation and an S13F substitution (data not shown).
We have compared the residual export activity of several mutant signal sequences derived from the phoA, malE, and rbsB ones in secG ϩ and secG null strains. In all cases, export was reduced in the absence of SecG. The magnitude of this effect varied, ranging from a 2-fold to a Ͼ20-fold decrease (Fig. 2) . There was no corre- lation between the strength of a given signal sequence defect and its dependence on SecG for residual export. For instance, phoA73 (286 U) has a weaker effect on export than phoA82 (83 U), but its residual export is much more strongly reduced in the absence of SecG (36-fold versus 2-fold).
Pulse-chase labeling assay of protein export in vivo. Signal sequence activity is commonly assessed by short pulse-labeling followed by the determination of the relative amounts of uncleaved precursor and mature protein. To verify that our kinetic assay faithfully measures signal sequence activity, we have also measured signal sequence processing in secG ϩ and secG null strains by pulse-chase labeling and immunoprecipitation (Fig. 3) . With wild-type MalE and PhoA, the amount of precursor was approximately 3 times higher at the end of the 20-s pulse in the secG null strain than in the secG ϩ strain. After a 3-min chase, there was no longer any detectable difference between the two strains and essentially all the precursors were processed (Fig. 3A , top panels). Considering the difference in time scale of the two assays, the slight delay in export kinetics observed in the secG null strain by pulse-labeling would not be detected in the PhoA enzymatic assay. Pulse-chase experiments were also performed with two signal sequence mutations that confer weak export defects, allowing sufficient signal sequence cleavage to measure both the mature and precursor forms of the mutant proteins (Fig. 3A, bottom panels) . With malE16 (T16K), the levels of the mature MalE were barely detectable at the end of the pulse-labeling in secG ϩ and secG null strains. Export readily occurred during the chase in secG ϩ cells but not in secG null cells. Similar results were obtained with phoA73 (L14Q). With most of the other signal sequence mutations, export was too low to accurately determine the amount of cleaved mature proteins, even in secG ϩ cells. Our observations are not limited to export substrates containing the mature portion of PhoA. Several signal sequences were fused to the mature portion of OmpA. Their export was also analyzed by pulse-chase and immunoprecipitation (Fig. 3B) . OmpA export during a 20-s pulse was slightly reduced in secG null cells, but there was no significant difference after a 10-min chase. Similar results were obtained with the PhoA-OmpA chimera, although export efficiency was reduced, indicating that the mature portion can influence signal sequence activity (data not shown). The export of the PhoA82rev-OmpA chimera was efficient in secG ϩ cells, particularly after a 10-min chase. In contrast, this protein was very poorly exported in secG null cells. The RbsB ϩ and RbsB16rev (S16H) signal sequences had similar high export activity when fused to OmpA, and their export efficiency was only slightly decreased in secG null cells.
The PhoA enzyme accumulation assay is less efficient than a pulse-chase to measure slight secretion defects since kinetic differences of fewer than a few minutes are not easily detected. In contrast, export of chimera with low signal sequence residual activity is readily determined enzymatically because of the large dynamic range of the PhoA assay (0.5 to 2,000 units). In conclusion, our results indicate that the presence of SecG has only a slight effect on export mediated by wild-type signal sequences but plays a major role in the residual activity of mutant signal sequences. In vivo interactions between prlA and secG mutant alleles. prlA mutations increase the export efficiency of mutant signal sequences. Since secG mutations exert an opposite effect, it seemed interesting to determine whether epistasis could be detected in cells containing both prlA and secG mutations. Members of two sets of partially overlapping prlA mutations have been analyzed (12, 23) . The amino acid substitutions introduced in the second set were determined by sequencing the secY gene. Mutations like prlA3 and prlA545 can be introduced by P1-mediated transduction in strains carrying a secG null or secG point mutation alleles at the expected frequency, indicating that both mutant alleles can be present in the same cells. When export mediated by the MalE14 signal sequence was measured in these double mutant strains, the values obtained were intermediate between those observed in prlA secG ϩ and in prlA ϩ secG single mutant strains (Fig.  4, top panels) . This suggests that SecY and SecG act together during the signal sequence interaction(s) with the translocase. However, the magnitude of the export increase mediated by these prlA mutations was significantly higher in secG mutant strains (Fig. 4 , bottom panels).
Several prlA alleles could not be introduced normally by cotransduction with a linked gspA::Tn10 marker in secG null strains. With a P1 lysate grown on a prlA502, gspA::Tn10 strain, for instance, 24/24 Tc r transductants retained the wild-type secY ϩ al-
FIG 4
Combined effects of secG and prlA mutations on PhoA export. The MalE14 mutant signal sequence was fused to the mature portion of PhoA and expressed from the arabinose P BAD promoter (pDB613). The level of PhoA export 60 min after induction with 0.2% arabinose was measured in isogenic strains derived from DB687 (⌬secG). (A) prlA3 mutant strain; (B) prlA545 mutant strain. The indicated secG alleles were expressed from pACYC184-derived plasmids (27) . The prlA alleles were introduced by cotransduction with the gspA::Tn10 marker. Each value represents the average of results from two to four independent cultures assayed twice; error bars indicate the SD. In the bottom panels, the ratios of mean PhoA export in the prlA mutant and prlA ϩ strains are indicated. lele, even though secY alleles are normally cotransduced with this marker at a frequency of 90 to 95%. This suggested that the simultaneous presence of some prlA and secG null or nearly null alleles confers a synthetic phenotype. To test this hypothesis, we attempted to introduce the secG::Kn null allele in the prlA strains by selecting for Kn r transductants. Although secG null transductants can be recovered under these conditions, their frequency was drastically reduced (Fig. 5) . This reduction depended on the individual prlA alleles. A 200-fold decrease was observed with prlA517, prlA543, prlA207, and prlA304, whereas a small but reproducible 2-to 4-fold decrease was observed with prlA6. Although they are unexpectedly low, the frequencies observed are significantly higher than those of reversion or of spontaneous mutations, unless the target size is more than 100 genes. These frequencies suggest that cells expressing these prlA alleles can somehow adapt to the absence of SecG.
We have isolated strains carrying both the secG::Kn null allele and each of the four prlA alleles that cannot be easily transduced in secG::Kn strains. When export mediated by the MalE14 signal sequence was measured in these double mutant strains, the values obtained were high and intermediate between those observed in the prlA ϩ secG ϩ parent strain and in prlA secG ϩ single mutant strains (Fig. 6, top panels) . Strikingly, the magnitude of the export increase mediated by these prlA mutations was more than 40-fold higher in secG mutant strains (Fig. 6, bottom panels) . Thus, the wild-type SecG protein somehow counteracts the permissive effect of the prlA mutations. This effect is modest with prlA alleles than can be freely introduced in secG mutant strains but very high with those that cannot be easily transduced.
In vitro interactions between SecY and SecE in the presence or in the absence of SecG. prl mutations in prlA or prlG have been shown to destabilize the interaction of SecY with SecE in solubilized membranes (19) . It seemed therefore possible that secG mutations also affect the stability of SecYE heterodimers, thus accounting for the difficulty of introducing a secG null allele in several of the prlA mutant strains. To test this hypothesis, inducible plasmids that contain selected prlA alleles with or without secG were constructed. All plasmids expressed a His-tagged SecE, to allow the affinity purification of SecE from solubilized membranes. The amount of SecY bound to SecE, in the presence or in the absence of SecG, could then be quantified. This method seemed particularly suitable to assess the affinity of different SecY proteins for SecE, since different temperatures and/or different detergents can be used to solubilize the membranes.
Membranes of induced cells expressing either SecY ϩ or PrlA545 were solubilized on ice and kept at 4°C during the purification procedure. Under these conditions, stoichiometric amounts of both SecY proteins remained bound to SecE, both in the presence and in the absence of SecG (Fig. 7A, left panel) . When the complexes were incubated at 37°C, the amount of SecY that remained bound to SecE was reduced approximately 2-fold in the presence of SecG. The absence of SecG had only a modest effect on SecY ϩ binding, whereas binding of the PrlA545 protein was reduced approximately 3-fold. In contrast, binding of the PrlA517 protein to SecE was strongly dependent on the presence of SecG, even at 4°C. We have determined by pulse-labeling and immunoprecipitation that equivalent amounts of SecY accumulated with the prlA ϩ and prlA517 plasmids either in the presence or in the FIG 6 Enhanced effects of some prlA mutations on PhoA export in the absence of secG. The prlA alleles were introduced in DB504 by cotransduction with the gspA::Tn10 marker, and pDB613 was introduced by transformation. Kn R secG null and control Kn r leuO transductants were isolated, and PhoA export was assayed 60 min after induction with 0.2% arabinose. Each value represents the average result for three independent transductants assayed twice; error bars indicate the SD. In the bottom panels, the ratios of mean PhoA export in the prlA mutant and prlA ϩ strains are indicated.
absence of SecG (Fig. 7A, right panel) . The labeling period was the same as that used to prepare the membranes. The binding of PrlA7 to SecE was not affected by the absence of SecG at 4°C and was reduced approximately 3-fold at 37°C. Binding of PrlA207 to SecE was also not affected by the absence of SecG at 4°C but was barely detectable at 37°C (Fig. 7B and C) . Since the cells express the prlA ϩ allele from the chromosomal gene, it is likely that these very low levels reflect mainly the presence of the SecY ϩ protein bound to SecE. These results confirm the observation that prlA alleles affect the stability of the SecYE dimer (19) . Furthermore, they indicate that SecG can contribute to the stability of the SecYE dimer and that this contribution is dependent on the nature of individual prlA alleles. Finally, the correlation between the efficiency of introduction of the secG null allele in a given prlA strain (Fig. 5 ) and the stability of the different SecYE dimers (Fig. 7) provides a biochemical explanation for this genetic phenomenon.
DISCUSSION
This work was prompted by the discrepancy between the effects observed in vivo and in vitro upon removal of SecG (23, 24, 39) . SecG function in vitro is particularly evident in the absence of a proton motive force (40) . In addition, the effect of SecG can be produced by substitution of the SecDF complex (26) . Our results confirm that SecG has only a minimal effect in vivo on the export of all wild-type E. coli proteins tested so far; this effect can be detected only with short pulse-labeling. The conservation of this nonessential gene during evolution is therefore puzzling. In the Gram-positive bacterium S. aureus, SecG is also nonessential for growth and for mouse infection, but it is critical for the normal accumulation of several exoproteins (41) . Distant SecG homologues are also present in Archaea and eukaryotes. In yeast, deletion of the two SecG homologues (Sbh1 and Sbh2) is viable but confers a temperature-sensitive phenotype (42) . In Drosophila melanogaster, a mutation in the Sec61␤/secG promoter that essentially abolishes its expression is compatible with basal cell functions, including protein translocation. However, a developmental arrest was proposed to result from the defective secretion of Gurken and cuticle proteins (43) ; a recent study showed that Gurken is normally translocated in the endoplasmic reticulum (ER) lumen of the mutant flies (44) . This suggests that a later step of the secretion pathway, possibly common to Gurken and cuticle proteins, is defective in Sec61␤ mutant embryos. Sec61␤ may therefore be required for the translocation or for the membrane integration of a secretory cofactor(s). In any event, the sequence conservation among these SecG homologues is much lower than that observed with the SecY and SecE homologues. This agrees with the notion that the SecG homologues play an accessory role in protein export.
Nevertheless, even a very slight growth advantage, hardly detectable under standard laboratory conditions, would ensure the maintenance of a "nonessential gene" over millions of years of evolution (45) . We showed here that the residual export mediated by mutant signal sequences, as well as the efficient export of one pseudorevertant, can strongly depend on SecG. This suggests an additional possibility for the conservation of SecG function during evolution. About one-third of the E. coli genes encode envelope proteins that are targeted to the inner membrane, the periplasm, or the outer membrane. Thus, many different proteins are translocase substrates. Since horizontal gene transfer plays a major role in the evolution of bacterial genomes, newly imported foreign envelope genes harbor signal sequences that evolved with the translocase of their original host and may not be efficient substrates for the E. coli translocase. Upon transfer to the new host, the integration or export of the new envelope proteins could be much more dependent on SecG than those of the endogenous envelope genes.
Prl mutations have been isolated in all major components of the translocase, in the ATPase motor SecA as well as in SecYEG, the core inner membrane constituents of the translocation channel (15, 46) . The current biochemical model of the Prl phenotype suggests that prl mutations, in a direct or indirect way, contribute to the opening of the translocation channel by displacement of the pore formed by the TM2a helix of SecY or by stabilization of the open complex (17, 18) . Several prl mutations in secY and secE have been shown to have an additional effect on the SecYEG complex, because they weaken the interaction of SecY with SecE (19) . Our results show that the stability of this complex can also be influenced by SecG, as suggested previously (26) . This result appeared surprising since SecG is bound to a side of SecY opposite to that involved in SecE binding (Fig. 8) . The prlA alleles that tolerate normally the absence of SecG can be grouped on a side of the SecYEG complex (Fig. 8, top panel) . A top view of the complex shows that they are distributed more or less evenly around the plug domain (bottom panel). The prlA alleles that prevent the introduction of a secG deletion appear to be more widely distributed, even though most of them also surround the plug domain; the two alleles that map to the TM2 domain are located toward the membrane, on the outside of the complex and far away from both SecE and SecG. The Methanocaldococcus jannaschii SecG and SecE have only a single transmembrane domain. SecG makes only limited contacts with SecY but is close to the C-terminal end of SecE (3). It seems difficult to envision how single amino acid substitutions in SecY could make its binding to SecE so dependent on the presence of SecG. It is also possible that additional interactions of SecY involve the second transmembrane domain of the E. coli SecG and/or the N-terminal portion of SecE. In addition, the crystal structures show SecYEG only in a closed form. Taken together, our results are compatible with the notion that the SecYEG complex is very dynamic and that all three Sec proteins contribute to its stability. This was first suggested by the observation that SecG undergoes a topological inversion during translocation, an event that requires the MPIase glycolipid (47, 48) .
We had isolated a set of prlA mutations that increase MalE18 export sufficiently to allow growth on minimal maltose plates in a secG1 (F43S) strain (23) . While there was a definite overlap with previously isolated prlA mutations (for instance, the G69D substitution is present in both sets [prlA502 and prlA9]), our set was significantly different in two aspects. First, only 1 of the 11 muta- tions mapped to TM7 or TM10, whereas 10/24 previously known mutations mapped to these domains. Second, our set appeared to be slightly enriched for mutations in the hinge and TM2 domains (3/11), a region of SecY where only one prl mutation had been previously isolated. With approximately one-half the prlA alleles, the introduction of a secG deletion was more difficult than anticipated. These alleles are not restricted to a domain of SecY. For instance, the prlA3, prlA502, and prlA545 mutations all affect residues located in or near the TM2a plug domain (residues 67, 69, and 71). While the G69D substitution severely interferes with introduction of a secG deletion, the F67C and A71V substitutions behave like SecY ϩ in this assay. There is also no strict correlation with a classification of prlA alleles (10) . The biochemical basis for this synthetic phenotype is not known. It may be related to the interaction of phospholipids metabolism and SecG function (49) . Although cells containing certain pairs of secY and secG alleles appear at a frequency that can be as low as 10 Ϫ3 , they grow normally once isolated.
Our current model is that SecG helps the opening step of translocation (plug displacement). The transition from a closed ground state to an activated open state is catalyzed by a signal sequence and SecG. Wild-type signal sequences are probably sufficiently efficient in this initial step to allow normal export in the absence of SecG. With weak or mutant signal sequences, the contribution of SecG becomes critical. When toxic signal sequences are fused to an export reporter, the specific reduction in export kinetics provided by the SecG suppressor mutations is then sufficient to allow growth (24, 27) . The properties of pseudorevertants of mutant signal sequences are compatible with this model. It is possible that SecG also contributes to later stages of protein translocation, such as elongation and/or lateral opening, to allow the integration of transmembrane domains in the lipid bilayer.
